Abstract Abstract Abstract This article presents a rationale and suggests possible protocols for investigating evolutionary models of neuromolecular computing in humans and other animals. It begins with an historical overview of membrane and cytoskeleton models of possible computational relevance. A model of molecular computing in neurons is then presented. Its fundamental physical feature is a lateral concentration gradient of neural membrane lipids in an applied field during ion movement. It is proposed that electrostatic interactions between aligned and polarized ethenes of membrane-lipid diacyls and the charged amino-acid residues in an unfolded ion-channel protein regulate the rate of protein folding (ion-channel closing). In this manner, lipid-protein electrostatic interactions regulate neuron signaling. Suggested experimental protocols emphasizing fluorescence and ultrafast x-ray diffraction analyses of membrane models (micelles) based on tissue samples from different species are described at length. It is concluded that research of this type could add a valuable molecular dimension to classic neuroanatomical approaches traditionally pursued in evolutionary studies.
he possible evolutionary significance of molecular computing in neurons has been recognized for over a decade. In a pioneering article, Paavo Kinnunen (1991) proposed that transiently organized microdomains of membrane lipids (including those of the neuron) orchestrated biochemical outputs in response to complex inputs originating in both the cytosol and the extracellular fluid. Kinnunen went on to emphasize the adaptive significance of highly optimized molecular mediation between the cellÊs internal and external environments. In a similar vein, the late Michael Conrad argued in a series of articles beginning in the late 1980s that sub-neural molecular systems: 1) qualified as a form of computer; 2) were capable of learning; 3) were optimized by natural selection (Conrad 1984 (Conrad , 1989 (Conrad , 1992 . In recent years these viewpoints have been strengthened by investigations in membrane-cytoskeleton biophysics and gene-membrane-cytoskeleton interactions (Price and Wallace, 2001; Wallace and Price, 1999) . It now appears plausible that electrical and chemical inputs to sub-neural computational systems can generate correlated outputs by means of local potential energy searches. Moreover, the molecular ensembles which accomplish the input-output transforms may be DNA-regulated. Post-translational pathways linking genes to the molecular modules are understood, at least in outline (Kamal and Goldstein, 2000; Klopfenstein et al., 2002; Scholey, 2002) . Thus it should now be possible to formulate testable, if preliminary, models of genetically inherited neuromolecular computers in humans and other animals. Fundamental selectionist principles suggest that the computational systems should vary between species and between brain networks within a species. Neuromolecular computing could be incorporated into the Darwinian paradigm. This article reviews two highly different but potentially compatible approaches to neuromolecular computing, i.e., membrane and cytoskelelton models, and suggests experimental methods for investigating their variation in selected neural systems of human and nonhuman animal species. It begins with an historical overview of membrane and cytoskeleton models of possible computational relevance. In the case of the membrane, the discussion begins with early contributions such as DutrochetÊs concept of a semipermeable barrier and ends with recent refinements of the Singer-Nicolson "fluid mosaic model‰ (Singer and Nicolson, 1972) . Similarly, the review of the cytoskelton is introduced by van LeeuwenhoekÊs and BagliviÊs observations regarding muscle fiber contraction and concludes with the information-processing model of Hameroff and Penrose (Hameroff and Penrose, 1996) . A model of molecular computing in neurons is then presented. Its fundamental physical feature is a lateral concentration gradient of neural membrane lipids in an applied field during ion movement. It is proposed that electrostatic interactions between aligned and polarized ethenes of membrane-lipid diacyls and the charged amino-acid residues in an unfolded ion-channel protein regulate the rate of protein folding (ion-channel closing). In this manner, lipid-protein electrostatic interactions regulate neuron signaling. Similarly, electrostatic interactions between charge centers in the membrane-protein system and charged regions on the surfaces of cytoskeleton microtubules are shown to play a role in learning. It is proposed that these systems vary within and between animal species as do other aspects of phenotype. Suggested experimental protocols emphasizing fluorescence and ultrafast x-ray diffraction analyses of membrane models (micelles) based on tissue samples from different species are described at length. It is concluded that classic neuroanatomical studies of brain evolution should be supplemented by computational analyses of neural membrane microdomains. To the cell biologists of the 19 th century, the idea that a cell requires a semi-permeable barrier to regulate the passage of substances was by no means evident. Indeed, it encountered resistance. Dutrochet argued in 1824 that the passage of cellular nutrients and wastes was regulated by a semi-permeable structure (Hughes, 1989; Harris, 1999) . But his view was promptly dismissed by de Bary and Schultze. The latter argued that the motility of microorganisms would be impeded by a membrane (which, based on studies of ISSN 1303 5150 www.neuroquantology.com 171 plant cells, was presumed to be a rigid structure). The dispute was resolved at the end of the century when Overton demonstrated that: compounds soluble in water but insoluble in fatty oil do not enter the cytoplasm. . . . His experiments strongly indicated that a selective semi-permeable lipid membrane surrounds the cell. In the first quarter of the 20 th century, , , , the bilayer structure of the membrane was recognized logically, though not through direct observation, by Gorter and Grendel (1925) . LangmuirÊs earlier research (1917) had shown that the lipid molecule is amphiphilic; i.e., comprised of hydrophilic and hydrophobic portions. Accordingly, lipids applied to the surface of water (a Langmuir-Blodgett [LB] trough) form a monolayer with hydrophilic (and polar) head groups in contact with the water and hydrophobic (and nonpolar) hydrocarbon chains pointing upward. When Gorter and Grendel applied lipids to an LB trough, the resulting surface area was approximately twice that of the cell surface. The experimenters correctly deduced that this finding could only be possible if cellular lipids were organized in a bilayer with hydrocarbon chains comprising the interior and hydrophilic head groups comprising the extracellular and cytosolic surfaces. Their deduction, subsequently verified through direct microscopic observation, led to a vigorous and continuing debate regarding the membraneÊs functional properties.
An early attempt at a model was proposed by Danielli and Davson (1935) . Based on DanielliÊs earlier research with Harvey (in which the low surface tension of an oil drop inside a mackerel egg was explained as the effect of adsorbed proteins), they argued that the membrane had protein surfaces and a lipid interior; i.e., a "sandwich‰ structure. But the Danielli-Davson membrane, more akin to a rigid wall than to a semi-permeable barrier, was difficult to reconcile with ionic and molecular movements in and out of the cell. Although a later modification (RobertsonÊs "unit membrane‰) introduced protein pores, not all difficulties were removed. It remained unclear how a protein lattice would permit the conformational changes known to be essential to membrane proteins such as rhodopsin. The question was not adequately answered until Singer and Nicolson introduced the "fluid mosaic model‰ (FMM) (1972) . In FMM, the membrane was a 2D liquid comprised of randomly moving and transiently associating lipids. Embedded and integral proteins migrated freely through the patternless medium. With minor modifications (discussed below) the FMM model is today widely regarded as correct. Shortly after its formulation it received strong experimental support from electron microscopy studies including in particular an elegant experiment conducted by Frye and Edidin (1970) with fluorescent-labeled antibodies. In this study two different cell types, each containing a differently-labeled antibody (green or red) were fused and observed following a 40 min interval. The hybrid cells displayed a green-and-red speckled "mosaic‰ consistent with the model. Most recently FMM has been modified to include the concept of highly stable lipid ensembles (also known as microdomains or rafts) with small regions of interfacial fluidity (Simons and Ikonen, 1997) . Microdomains in the resting state are believed to be comprised of ~10 8 -10 10 molecules with lateral lengths of ~10-300 Ǻ. When subjected to a chemical or electrical perturbation, they appear to coalesce into domains potentially stable for ~10 min and ranging from hundreds of nanometers to microns in length (Groves et al., 1997) . This feature may play a significant role in molecular computation, and will be examined in detail below. ISSN The concept that a fibrous network is a fundamental constituent of living matter has an ancient pedigree (Frixione, 2000; Nixon, 1998) . The point was argued philosophically from Empedocles (5 th century BC) to , but the earliest experimental support was van LeeuwenhoekÊs microscopic demonstration (1682) that cow muscle consisted of fibers he termed "filaments‰. Baglivi later (1703) detected the filaments in macerated tissue from a variety of animal organs, thus supporting the early philosophical notions. Equally significant for cellular physiology was BagliviÊs model of fiber gliding as the basis for muscle contraction. Based on his microscopic observations of spherical blood red-corpuscles interposed between muscle fibers he proposed that the latter glided relative to one another assisted by "contact with these rolling balls‰. The hypothesis is now recognized as the earliest formulation of the HuxleyÊs sliding filament theory of sarcomere contraction (Huxley, 1957) . In terms of the present discussion, the model is important because it was the first indication that the filaments were dynamic, and that the summed effect of their individual movements was organized biological activity. Nonetheless, the implicit possibility that filaments were the basis not only of muscle contraction but of a wide variety of cellular functions was insufficiently explored in the 18 th and 19 th centuries. Due to the optical limits of the microscopes as well as theoretical objections similar to those voiced with regard to the membrane (i.e., that a filament network would impose constraints on cellular motility), BagliviÊs contribution languished. Indeed it was not until William NicolÊs invention (1828) of a calcium carbonate prism (which eventually became the basis of the polarized light microscope) that fibrous networks were confirmed in neurons (by Santiago Ramón y Cajal in 1903) as well as in cilia and flagella (by Keith Porter in 1957) . The latter experiments in particular marked a decisive turning point in the history of cytoskeleton studies. Porter determined that the fibrils of ciliated protozoans were hollow cylinders with beaded walls (Porter, 1957) . This structure was found to be present in virtually all cells observed through electron microscopy. The microtubules (MTs), as they were eventually called (Slautterback, 1963) , were organized in a geometric lattice, each MT being comprised of 13 longitudinal filaments composed of polar 8-nm dimers. The latter structures (the "beads‰ discovered by Porter) were subsequently referred to as tubulin, a protein successfully isolated by researchers in the late 1960s. Once the basic structure was determined, the critical role of MTs (and associated kinesin and dynein molecular motors) in anterograde and retrograde movements, respectively, of lipid vesicles and cargo proteins through the cellular secretory system was determined in considerable detail. Not until recently, however, was there any extensive investigation of the possible role of MTs in sub-cellular information processing Hameroff in particular has argued that quantum-mechanical effects---including, in particular, wave function collapse---within tubulin dimers may govern classical neurophysiological processes (e.g., synaptic activity) correlated with consciousness (Hameroff et al., 2002; Hameroff and Penrose, 1996) . Perhaps not surprisingly, the model is highly controversial. Most recently, less dramatic claims (which, unlike the Hameroff model, are at a mesoscopic order of magnitude) have been attributed to the cytoskeleton. In the neuron, conformational changes in cytoskeletal proteins may be a feature of a complex system involving glutamate-receptor activity and the modulation of dendritic spines (Jones et al., 2001) . In erythrocytes, the cytoskeleton is now believed to play a significant role in membrane ISSN 1303 5150 www.neuroquantology.com 173 compartmentalization and regulation of integral protein lateral movements. In the present authorÊs opinion, it is possible that these features have computational significance and (given the close spatial association between the membrane and cytoskeleton) that they may be systemically linked with microdomain formation. Evidence supporting this possibility will be discussed in Section 3. A growing body of evidence suggests that 1) the polarization of aligned ethenes in a neural membrane microdomain and 2) the dynamics of charge centers in a gated ion-channel protein are fundamental structural features of a neuromolecular computing system (Conrad, 1984 (Conrad, , 1989 (Conrad, , 1992 Wallace, 1996; Wallace and Price, 1999) . Although this system (described below) operates on quantum-mechanical (QM) principles at the molecular interface, it is somewhat misleading (although technically accurate) to refer to it (or similar models) as a "quantum computer‰. The latter term, coined by Richard Feynman (1982) originally referred to a device which utilizes QM to simulate a QM system. More exactly, Feynman argued that the feature of linear superposition, in which the values of an observable (e.g., spin, position, energy) exist simultaneously in many-dimensional (Hilbert) space, could be the basis for massively parallel computations. Such parallelism, he argued, would make it possible to solve the ordinarily intractable (exponential) (Garey and Johnson, 1979) . Based on FeynmanÊs model, a number of candidate natural and artificial systems are currently being proposed (Deutsch, 1985; Deutsch and Jozsa, 1992; Bennett, 1995; Lloyd, 1995) . Almost all of these, however, are based directly or indirectly on Turing-machine theory in which information is encoded as a binary system of 0s and 1s. Accordingly, the models (including, importantly, HameroffÊs microtubule model) emphasize experimental or natural computation with two-valued QM systems (e.g., electron spin states |↑〉 and |↓〉, or the superposed location of an electron in the two hydrophobic pockets of the tubulin molecule). Unlike the Turing-inspired models, however, molecular computers in living systems appear to utilize the geometry of hypersurface interactions at the ~3Ǻ molecular interface in ensemble searches (generally involving millions of molecules) for a minimum local potential energy. The difference between the two systems is important because QM superposition in the former must be shielded from macroscopic perturbations, whereas QM interactions in the latter are modulated by macroscopic inputs but are under thermodynamic constraints. Accordingly, ensemble systems permit mapping from classical input to energy search to classical output (Conrad, 1989) . In the neuron, it is therefore possible to link quantum-molecular computing to macroscopic signal features such as channel gating or exocytosis. This linkage is perhaps not as obvious in the "shielded-system‰ QM approaches claimed to occur at much smaller orders of magnitude. The following model illustrates these hypothesized computational properties.
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There is strong experimental support for the molecular-ordering effect of an applied electric field on biological and artificial membranes. In a pioneering study, Poo and Robinson (1977) demonstrated that membrane-bound concanavalin A (con A) protein receptors in living cells were redistributed in response to an electric field of 4 V/cm. They noted that con A movement "seemed to be electrophoretic in nature‰. More recently, Lee et al. (1994) demonstrated that an applied electric field gradient could produce a phase separation in a binary mixture of dihydrocholesterol and dimyristoylphosphatidylcholine (DMPC). Further experimental evidence for the importance of field effects in relation to molecular ordering was obtained by Groves et al. (1997) who observed reorganization of a two-component supported bilayer upon application of a 10-30 V/cm electric field. Similarly, phase separation in an artificial monolayer mixture of dihydrocholesterol and phospholipids was induced by a positive potential of 150 V (Radhakrishnan and McConnell, 2000) . In view of the above results, electric field effects on lipid organization in the neural membrane appear likely. Transmembrane ion movement at the peak of the action potential of ~0.6-12 X 10 7 ions/sec (corresponding to a current in the 1-20pA range) generates a field in the membrane of 100 KV/cm (or 10 V/micron) (Hille, 2001 ). This far exceeds field strengths utilized in the above experiments, consistent with the possibility of long-range effects in the lipid bilayer. Significantly, the electrically-generated membrane response originating at the ion channel may play an even greater role in membrane reorganization than hydrophobic mismatch, the hypothesized physical basis in the major alternative model (Mouritsen and Bloom, 1993; Marsh, 1995; Killian, 1998) . The latter process has been proposed as a candidate mechanism for microdomain formation and information-processing in neurons, but has thus far been observed in membrane preparations with proteins and short peptides (e.g., gramicidin) (de Planque et al., 2001; Dumas et al., 1999; le Coutre et al., 1997; Price and Wallace, 2001 ). Ion channels, by contrast, are highly complex with multiple membrane-spanning domains. For these types of proteins the thermodynamically favorable response to a perturbation appears to be tilt of the protein backbone with respect to bilayer normal. The rationale is that the energetically unfavorable disruption of membrane packing caused by the tilt of one helix is compensated for by a second helix tilting in the opposite direction. The tilt response has been observed in lactose permease reconstituted in E. coli membrane preparations, in influenza M2 protein reconstituted in a bilayer system, and in a computational study of a poly(32)alanine helix in a model bilayer (le Coutre et al., 1997; Kovacs et al., 2000; Song et al., 2000; Shen et al., 1997) . Based on these findings, it would appear more plausible that the applied electric field is the more significant perturbation driving membrane reorganization (and molecular information-processing) in neurons.
Prior to permeant ion movement the neural membrane is in an ordered state consisting of unsaturation-rich and cholesterol-rich microdomains (Wang et al., 2001; Mitchell and Litman, 1998) . This model contrasts somewhat with the traditional membrane picture---outlined in the historical review above---of microdomains (rafts) floating in a "sea of lipids‰ (Hao et al., 2001) . In fact, the membrane is better described as a structure of microdomains separated by regions of interfacial fluidity. The cholesterol-rich microdomains are comprised of cholesterol and highly saturated sphingolipids (Brown, 1998; Samsonov et al., 2001 ). The high saturation in the sphingolipids permits close interaction with the planar polycyclic ring of cholesterol. In the membrane resting state the two types of ISSN 1303 5150 www.neuroquantology.com 175 microdomains are mixed, separated by narrow fluid interfaces (Mitchell and Litman, 1998) . At voltage or ligand gating, application of a 100 KV/cm field in the plane of the bilayer causes pronounced membrane reorganization (Groves et al., 1997) . The "mixed‰ state of the resting membrane (adjacent unsaturation-rich and cholesterol-rich microdomains) is now abandoned due to electrophoretically-induced aggregation of similar microdomains (i.e., an energetically-favored transition to a segregated system).
Unsaturation-rich microdomains coalesce into domains potentially stable for tens of minutes and ranging from hundreds of nanometers to microns in length. These large-scale unsaturated domains would contain ethylenic bonds in the energetically-favored arrangement of alignment with bilayer normal (Price and Wallace, 2001) .
A growing body of evidence suggests strong electrostatic interactions between a gated ion-channel protein and the surrounding lipid matrix. In an earlier computational model Price and the author showed that "stacked‰ ethenes (monomer to trimer) in an applied electric field display pronounced dipole and quadrupole moments and polarizability (Price and Wallace, 2001) . Proceeding from an ethene monomer to a trimer, the total dipole moment increased from 0.000 to 0.6538 Debye. The quadrupole moments displayed a consistent five-fold increase in axial moments (i.e., xx, yy, zz) suggesting a progressive mobilization of ǺǺelectrons. The mobilized electrons fluctuated dramatically, as indicated by the increase in mean polarizability <α> from 19.258 to 103.424 J -1 C 2 m 2 [where <α> = (α xx + α yy + α zz )/3].
Highly dynamic electrostatic interactions also characterize the "open‰-to-"closed‰ transition within the gated channel protein. Indeed, electrostatic interactions between polar amino acids are now believed to play a crucial role in protein folding in general (Torshin and Harrison, 2001; Tiwari-Woodruff et al., 1997; Wang et al., 2000) . On purely intuitive grounds, the proximity of the charged amino residues to ethene dipoles in the lipid matrix, and particularly to those in the interfacial region, would appear physically consistent with lipid-protein electrostatic interactions. But there is also experimental support. Interfacial lipid-peptide electrostatic bonds directly affect the random-coil to Ǻ-helix transition (Jones and Gierasch, 1994) . Significantly, the latter process was directly regulated by varying the membrane lipid compositon. A similar result was obtained for the integral membrane proteins bacteriorhodopsin and the OmpA protein of Escherichia coli (Booth et al., 2001 ). These two in vitro studies demonstrated that "overall [protein] folding efficiency seem[s] to be controlled by particular properties of the lipid bilayer‰. Taken together these data suggest that ion-channel dynamics may be regulated by interacting mobile charges in the channel protein and the surrounding membrane. Because the complexity of these interactions affects the dynamics of protein folding, it may effectively establish the mean open time of the channel <P o > (Tiwari-Woodruff et al., 1997).
The macroscopic effect of (in principle) thousands of such systems operating in a neuron would be the modulation or cessation of signaling. As Scott has recently suggested, a neuron is not a single switch but rather "a series of switches‰ (Scott 1995) . Somewhat anthropomorphically, each microdomain may be construed as "deciding‰ whether or not a propagating action potential should be "allowed‰ to continue. Thus, a prolonged <P o > for a Na + channel in an axon would facilitate depolarization and propagation of the impulse. By contrast, prolonged <P o > for a GABA-gated Cl -channel or K + rectifier channel would have a hyperpolarizing effect. A possible experimental paradigm is presented by Ca 2+ channels, ISSN (Wang et al., 1993) . In terms of the present model, it is predicted that the membrane in the vicinity of the N-type channels would consist of less electrically responsive microdomains containing elevated amounts of saturated lipids following channel gating. This feature would be consistent with more rapid protein folding due to the systemÊs greater simplicity. Conversely, membrane lipids surrounding an L-type channel should form more electrically responsive microdomains containing elevated amounts of unsaturated lipids (e.g., nervonic-acid-containing sphingomyelin). The greater complexity of the latter system would result in high <P o > value of the ion channel.
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The cytoskeleton has been shown to play a significant role in dendritic spine morphological changes in response to neuronal stimulation as well as in protein (and possibly lipid) lateral mobility in the membrane. Details of both processes are highly controversial. Nonetheless, a model emphasizing membrane microdomains as regulators of these systems in the neurobiology of memory would appear consistent with both data sets. With regard to the first of these processes, strengthening of neuronal synapses in response to excitatory input results from the complex interaction of glutamate, glycine, NMDA and AMPA receptors, as well as from molecular components of the postsynaptic density or PSD (a specialized region of the cytoskeleton) (Jones et al., 2002) . Through a process not fully understood, AMPA receptors in an inactive state, and outside the synaptic zone, are moved into the synaptic region and simultaneously activated (Washbourne et al., 2002; Carroll et al., 2001) . Subsequent glutamate binding with the activated AMPA receptor, and co-agonist glutamate and glycine binding with the NMDA receptor, opens channel pores of both receptors to transmembrane ion movement. Ca 2+ influx through the NMDA receptor plays a significant role in the dynamic alteration of the cytoskeletal lattice, evidently through a number of pathways. What may be involved is a two-stage process of microfilament depolymerization followed by lattice stabilization. Thus, the cytoplasmic C-terminal domains of the NMDA receptor may be directly linked to tubulin when the NMDA receptor is in the resting state. Activation of the receptor could increase the free cytoplasmic tubulin available for polymerization. Similarly, Ca 2+ -dependent activation of actin-severing proteins (such as gelsolin) and microfiliament-destabilizing proteins (such as drebrin) could increase the labile state of the cytoskeleton. In the second stage, increased Ca 2+ concentration would activate the phosphatase calcineurin which in turn would reduce the phosphorylation of cytoskeletal MAP2. Because MAP2 binding to microtubules is inversely related to its phosphorylation state, calcineurin would indirectly modulate the increased stability of the cytoskeleton, leading to ultrastructural dendritic change.
Recent evidence suggests that the movement of AMPA into the synaptic zone and its subsequent activation may be induced by co-agonist (glutamate and glycine) binding with the NMDA receptor and resulting conformational changes in the PSD (Carroll et al., 2001) . Following NMDA/AMPA co-localization, glutamate depolarization of the AMPA receptor could produce changes in the state of the membrane which may in turn regulate NMDA-receptor Ca 2+ -channel dynamics and ultrastructural change. The NMDA and ISSN 1303 5150 www.neuroquantology.com 177 AMPA receptors are found in different molecular environments. The former is mostly stabilized in the PSD, while the latter is found primarily on mobile dendritic rafts (membrane microdomains) lying outside the synaptic zone. Co-agonist binding with NMDA appears to generate conformational changes in the receptor. NMDA is a heteromer consisting of a glycine-binding NR1 subunit and a glutamate-binding NR2 subunit, both of which are linked to PSD microfilaments via Ǻ-actin. Binding of glycine and glutamate changes the conformation of the M3 transmembrane segments of both the NR1 and NR2 subunits, respectively, and increases the probability that the channel pore will open. Subsequent PSD-mediated movement of dendritic rafts containing AMPA receptors into the active synaptic zone is consistent with a model of PSD conformational changes communicated from M3 segments to PSD through NR1 and NR2 subunits. Na + movement through glutamate-gated AMPA channels would generate the field effects described above as a candidate mechanism for regulating channel dynamics. In this manner, membrane electrostatics interacting with the NMDA receptor would indirectly regulate the duration of Ca 2+ influx responsible for dendrite modification. In addition to dendritic spine morphological change, strengthened depolarization of voltage-gated axonal Na + channels plays an essential role in the enhancement of neural conduction and, hence, in the neurophysiology of memory. Recent research suggests that although the neural cytoskeleton does not regulate Na + channels directly, it may establish barriers to lateral diffusion of proteins (Brown et al., 2000; Winckler et al., 1999) . This process would permit the clustering of ion channels in the axon and strengthening of depolarization at each site. Expression of Na + channels in Chinese hamster ovary cells and subsequent treatment with Cytochalasin-D (which depolymerizes microfilaments) and Colchicine (which inhibits microtubule polymerization) produced no significant differences in channel voltage dependence or kinetic parameters (Moran et al., 2000) . This finding is in marked contrast to evidence for membrane-lipid modulation of Na + channel dynamics in cardiac myocytes, consistent with the present model (Pound et al., 2001; Leifert et al., 1999) . Additional data suggests that the cytoskeleton is directly involved in microdomain compartmentalization. A specialized neural cytoskeletal corral composed of spectrin, actin, and ankyrin tethers integral proteins and thus inhibits their mobility (Winckler et al., 1999) . But integral proteins are not always tethered. In erythrocytes (the preferred paradigm for studying this problem) proteins jump "over or through the cytoskeletal fence‰ (Brown et al., 2000) . How this happens is not yet understood. According to the "static‰ model, Brownian motion of the confined molecules could instantaneously propel a protein over the corral. In the "dynamic gating‰ model (more strongly supported by experimental evidence) conformational changes in a spectrin network, or the dissociation of spectrin tetramers, could provide an opening for lateral diffusion (Tomishige et al., 1998; Tomishige and Kusumi, 1999; Leitner et al., 2000) . Several of the molecular components of this process are evolutionarily conservative, having been discovered in many types of cells (Tomishige et al., 1998) . Thus if the dynamic gating model eventually proves to be correct, it may well be applicable to neurons. Because of the direct relationship between neural systems and animal behavior, it is plausible that the synthesis and targeting of the molecular microdomains regulating neuron signaling would be genetically modulated. Current studies in cell development appear consistent with this possibility. The intricate set of linked systems by which newly synthesized membrane proteins are segregated in the Golgi and transported to the cytoplasmic membrane is understood in detail for epithelial cells and, at least in outline, for neurons (Füllekrug and Nilsson, 1998; Jamieson, 1998; Bradke and Dotti, 1998) . Processes in the former, however, are not always found in the latter. Indeed flexibility in protein sorting systems is a fundamental mechanism for generating cell specificity. With this caveat in mind, it is nonetheless possible to say that in both neuronal and epitheleal cells the assembly and targeting of membrane microdomains (in neurons, the computational "hardware‰) is highly regulated. Conserved features would include the following: 1) newly synthesized membrane proteins are inserted co-translationally into the endoplasmic reticulum (ER) where their correct folding is mediated by protein chaperones; 2) subsequent protein sorting in the Golgi is based on lipid-protein hydrophobic matching of the protein membrane-spanning domain to a Golgi thickness gradient; 3) following protein-regulated budding of the spherical vesicle and cargo protein, the carrier vesicle is targeted via a microtubule-kinesin motor complex, which may be lipid-activated [phosphatidylinositol (4,5) biphosphate], to its membrane destination (Kamal and Goldstein, 2000; Klopfenstein et al., 2002; Scholey, 2002) . Genes encode, directly or indirectly (e.g., enzymes regulating lipid synthesis in the ER), virtually every component of this process. It follows, by selectionist principles, that any mutation which would reduce the error rate at the molecular or the neuronal levels would gain an adaptive advantage and increase in an animal population.
It could be objected on both theoretical and empirical grounds that not every molecular component of a hypothetical neuromolecular computer may necessarily be functional. The relevant data set involves the complex protein structures of cytoskeletal corrals, receptors and ion channels. At issue is the possibility, championed in recent times by Kimura and Ohta (1971) and King and Jukes (1969) [although anticipated by Darwin in On the Origin of Species (1859)] that molecular polymorphisms that become common in populations are adaptively neutral (Ayala, 2000; Price, 1996) . For example, random substitutions of amino acids in sites within the cytochrome c molecule have no discernible effect on function. Moreover, the cytochromes c of several different species are functionally interchangeable. Similarly, pig and bovine insulins can substitute effectively for the human hormone in the treatment of diabetes. The neutralist interpretation of these data is that evolutionary change on the molecular level is primarily due to mutation and drift. Provisionally granting this model is correct, it would be reasonable to question whether lipid-protein electrostatic interactions could regulate ion-channel dynamics (an obviously adaptively crucial function) if many of the charged amino acid residues in the ion-channel protein were in random-substitution sites. Little research has been done on this question. It is, however, important to note that in phylogenetically distant species such as human, jellyfish (Cyanea), and housefly (Musca), the "region of identity‰ within the ǺǺsubunit of the Ca 2+ channel (which plays a role in modulating the rate of channel ISSN 1303 5150 www.neuroquantology.com inactivation) contains 19 regions of conserved charge (9 negative charges at the core carboxyl terminal and 10 positive charges in the adjacent span) (Anderson and Greenberg, 2001) . Because the modulatory role is conserved, the charge residues may be functionally significant. If comparative studies of other channels produce similar results, the neutralist argument for charge residues would be significantly weakened. Investigations of this type would thus be an essential accompaniment to studies of optimization in neuromolecular computing. According to the selectionism, any biological structure or function which affects the reproductive success of an organism will tend toward optimization (Dawkins, 1986; Maynard Smith, 1978; Atmar, 1994; Fogel, 1994 ). An extensive biological literature, accumulating since DarwinÊs time, has documented thousands of examples from the behavioral to the molecular level of very good animal solutions to specific (and often complex) problems of adaptation. For example, memory in Homo sapiens displays the fastest retrieval latencies and highest probability of recall for information that is statistically most likely to be needed (Anderson, 1991a,b) . Comparable optimization in our species has been demonstrated for causal inference, problem solving, and predicting features of novel objects. An intensively studied example of nonhuman mammal neurobiological adaptation (at the network level) is the echolocation system of the brown bat Eptesicus fuscus (Simmons, 1996) . This species broadcasts ultrasonic sounds in the ~20 kHz to 100 kHz range as a means of detecting and capturing insect prey at a maximum range of 3-5 m.
Highly optimized features include the successive activation of neural subpopulations with progressively faster recovery times to permit signal decoding during increasingly short echo delays in the terminal stage of pursuit. Additionally, the batÊs echolocation module can represent complexes of sounds that include the previous echo along with the current emission. On the molecular level, KinnunenÊs observations (1991) regarding optimized membrane responses to extracellular and cytosolic inputs were briefly noted above. Many other molecular examples exist. (Indeed their experimental mimicry for industrial applications has become a thriving industry). To cite a single example, the design of ATP and NADH producing systems (such as glycolysis and the citric acid cycle) appears to be thermodynamically optimized (Ebenhoh and Heinrich, 2001 ). Formal models of alternative pathways indicate that the most highly efficient structural properties (e.g., ATP consumed near the beginning and produced near the end) closely correspond to the real design of the cycles. Any of these adaptations may be described by the alphabet {Q, I, Z, δ, ω} where Q is the systemÊs internal states, I is environmental inputs, Z is output, δ is a next-state mapping function (i.e., δ 1 : I 1 X Q 1 → Q 2 ) and ω is an output function such that ω:
[For a more detailed discussion see (Wallace and Price, 1999) .] Error E E E E in an adaptive system may then be expressed as a sum of accumulating environmental mispredictions
www.neuroquantology.com represents global optimization (Atmar, 1994) . This principle is proposed as a conceptual basis for first-approximation experimental protocols in neuromolecular evolutionary studies.
Comparison of neuromolecular processes between humans and other species as a basis for evolutionary modeling could possibly be obtained from fluorescence or ultrafast x-ray diffraction studies of artificial membranes (micelles). Examples of these new approaches include scanning fluorescence correlation microscopy and time-resolved x-ray diffraction (Ben-Nun, 1997; Edidin, 1989) . Either or both of these techniques could be applied to tissue from neural structures for which connectivity and function are reasonably well understood. For example, human, ape (Pan), and monkey (Macaca or Papio) tissue extracted from the same brain region (e.g., the same cytoarchetectonically-defined region of the thalamus) could be quantitatively analyzed to determine lipid-species composition. Micelles constructed from these data sets would model "archetypal‰ neural membranes for human and nonhuman brain structures. Protein receptors inserted in the membranes would permit ligand gating. Membrane electrical potential could be established by the application of ions to the intracellular and extracellular medium. [For a more detailed discussion see (Wallace and Price, 1999) ].
Consistent with the optimization model described briefly above, the experiments would examine interspecific differences in membrane microdomain responses to increasing complexity of input. Membrane protein receptors would be immobilized by binding to a compatible organic or organometallic substrate (e.g., a carbon-silicon hybrid). designates the total number of gated channels) would be a means of evaluating neural membrane computational efficiency. Microdomain systems with higher computational power would be characterized by a larger number of dedicated fluorescence signatures; i.e., by S → Z read-outs associated one-to-one with specific values for I I I I. Expressed in terms of quantum chemistry, the potential energy searches in the membrane microdomains of higher computational power would be capable of arriving at local minima for a larger number of inputs (gated receptors) than would the microdomains of other species before displaying a plateau response. A possible investigation would involve artificial molecular systems (micelles) based on tissue samplings of human and nonhuman primate prefrontal cortex (PFC) and anterior thalamus (AT). Scaling studies have indicated a correlation between increased functional volume of these structures with increased complexity of social organization (Armstrong 1980 (Armstrong , 1986 (Armstrong , 1990 Stephan, 1983) . This finding is consistent with neuroanatomical research indicating a role for AT in the Papez circuit, a system which evaluates appropriate responses to emotional information (Papez, 1937; Ploog, 1989) . More recently, positron-emission tomographic (PET) scan studies of PFC and AT indicate that these structures distinguish positive from negative emotions, emotional valence, and emotional elicitor (i.e., a recalled or internal versus an exteroceptive source) (Lane, 1997a, b) .
Because these cognitive-emotional abilities are clearly related to the requirements of social life, there ISSN 1303 5150 www.neuroquantology.com 181 should be a parallelism on the molecular level between computational complexity and complexity of social structure.
Micelles based on tissue samplings of human, ape (Pan), and monkey (Macaca or Papio) PFC-AT circuitry (i.e., samplings taken from cytoarchitectonically distinct regions of PFC and AT linked by reciprocal neural projections) could be investigated by ligand gating of an increasing number of receptors and subsequent comparison of fluorescence signatures. It is predicted that the number of S → Z signatures attached to specific I values would be greater for humans than for nonhuman primates. In addition, it is expected that the number of dedicated S → Z read-outs would be greatest for those species [such as the chimpanzee (Pan sp.)] in which each animal must evaluate combinatorially explosive rules generated by multiple social groupings and highly fluid dominance relations (Richards, 1985 
